Streptococcus mutans is a primary pathogen associated with dental caries. Its bacteriocin (mutacin) production ability is thought to play an important role in maintaining competitiveness in the multispecies oral biofilm. Previous studies have demonstrated that the production of the lantibiotic, mutacin I, is responsive to multiple input signals and that a putative inducible repressor, irvA, seems to be involved in the luxS-mediated mutacin I gene regulation pathway. In this study, we demonstrate that these multiple inputs can be divided into two pathways: irvAdependent and irvA-independent. Similar to luxS, signals mediated through vicK, pttB and hk03 exert their effect possibly through modulating irvA transcription, whereas signals mediated through ciaH, hrcA, adhE, and Smu1281 exert their effect through an unknown mechanism independent of irvA.
Introduction
Streptococcus mutans is a regular resident of the dental biofilm as well as a major species associated with dental caries. The dental biofilm is heavily populated with diverse species of bacteria that constantly compete against each other for limited food resources (Kolenbrander, 2000; Munson et al., 2004) . Consequently, many species of oral bacteria have evolved strategies to ensure their survival in this competitive environment. One of the survival tactics used by S. mutans involves the production of bacteriocins, called mutacins (Hillman, 2002) . Currently, two classes of mutacin have been identified (the lantibiotics and the nonlantibiotics) (Novak et al., 1994; Qi et al., 1999 Qi et al., , 2000 . Lantibiotics are ribosomally synthesized and undergo extensive posttranslational modifications that create the unusual amino acids lanthionine (Lan) or b-methyllanthionine (MeLan) (McAuliffe et al., 2001) , whereas nonlantibiotics consist of either one or two small unmodified peptides (Balakrishnan et al., 2000; Qi et al., 2001) . Mutacin I, the focus of this study, is a 24 amino acid lantibiotic with a wide spectrum of activity against other Gram-positive bacteria. The mutacin I biosynthesis gene locus consists of 14 genes in the order of mutR, -A, -A 0 , -B, -C, -D, -P, -T, -F, -E, -G, orfX, orfY, orfZ (Qi et al., 2000) . Previous studies have shown that mutR, the gene upstream of the mutacin I operon, is a mutacin Ispecific transcriptional activator (Kreth et al., 2004) . In addition, CiaH, a two-component sensor and, LuxS, an interspecies signalling system, have been found to be involved in the regulation of the mutacin I operon Merritt et al., 2005) . Further studies of the luxSmediated regulatory pathway also identified a putative repressor, irvA, which was strongly induced in the luxS background and required for the mutacin I-negative phenotype . Furthermore, in a recent study using a random insertional mutagenesis library, 25 additional genes/loci were found to be required for mutacin I production (Tsang et al., 2005) . Of these candidates, six were selected for further characterization based on their interesting putative assigned functions in the Los Alamos Oral Pathogen Sequence Databases. These included two twocomponent signal transduction systems, vicRKX and hk03/ rr03; a trehalose-specific IIBC component of the phosphotransferase system, pttB; a metabolic enzyme, adhE; a stress response regulator, hrcA; and a large conserved hypothetical protein, Smu1281. The potential relationships of these genes/loci with mutacin I production have been previously described (Tsang et al., 2005) . In this study, we assessed the role of these genes/loci on mutA transcription as well as their effects on irvA expression. Our results suggested that together with luxS and ciaH, each of these mutacin minus mutations can be divided into two major groups: those belonging to irvA-dependent or irvA-independent pathways.
Materials and methods
Bacterial strains and culture conditions All S. mutans strains were grown in Brain Heart Infusion (BHI) medium (Difco) or on BHI agar plates. Streptococcus mutans mutants were selected using the same medium with 800 mg mL À1 of spectinomycin or 800 mg mL À1 kanamycin.
All S. mutans cultures were grown anaerobically (80% N 2 , 10% CO 2 , 10% H 2 ) at 37 1C.
Mutacin I sensitivity assay
Five microlitres of overnight S. mutans culture was inoculated onto Todd-Hewitt (TH) agar plates and incubated for 16 h. The following day, 6 mL of an indicator strain, S. sobrinus OMZ176, was poured on top of the S. mutans plates as a soft agar overlay. The zone of S. sobrinus growth inhibition in the overlay agar was inspected after overnight anaerobic incubation.
RNA extraction and real-time reverse transcription PCR (RT-PCR)
UA140 and mutant strains were grown on TH plates under the same conditions as the mutacin I detection assay. Cells were harvested on ice by scraping the plates using sterile Dacron swabs and several mL of phosphate-buffered saline, pelleted, and stored at À 80 1C. Multiple plates were used for each sample to generate a sufficient quantity of RNA. One plate was reserved from each sample and overlaid with the indicator strain OMZ176 to confirm the phenotype. For RNA extraction, frozen cell pellets were resuspended in 1 mL of Tris-EDTA buffer. The solution was snap-frozen in liquid nitrogen several times and then extracted twice with 2-3 vol. of TRIzol s (Invitrogen) and 0.2 vol. of chloroform. RNA was precipitated with 1/10 vol. of 3 M sodium acetate and 0.7 vol. of isopropanol. Total RNA (3 mg) was used for cDNA synthesis using Stratascript RT (Stratagene) according to the manufacturer's protocol. Real-time RT-PCR was performed on three RNA samples obtained from independent RNA extractions. Primers were designed according to sequence data provided by the Los Alamos National Laboratory Oral Pathogens Sequence Database (http://www.oralgen.lanl.gov/ gov/oralgen/bacteria/smut), and SYBR green (Bio-Rad) was used for fluorescence detection with the iCycler TM (BioRad) real-time PCR system according to the manufacturer's protocol. Real-time PCR primer sequences are listed in Table  1 . Total cDNA abundance between test samples was first normalized using the 16S rRNA gene as a housekeeping control. The raw expression data for the target genes were then normalized relative to the wild type to emphasize fold changes between the wild type and mutants.
Results
Transcription of mutA in various mutation backgrounds A common phenotype exhibited by mutants of luxS, ciaH, vicK, hk03, pttB, adhE, hrcA, and Smu1281 is that they all diminished mutacin I production Merritt et al., 2005; Tsang et al., 2005) . As these mutated genes are associated with a diverse set of genetic pathways, we wanted to determine whether their effect on mutacin production was at the transcriptional level, similar to what has been reported for luxS . Total RNA was extracted from these cells and real-time RT-PCR was performed on three independently prepared RNA samples for each mutant. As illustrated in Fig. 1 , between 100-and 1000-fold reductions of mutA gene expression were detected in all of the mutants when compared with the wild-type strain, UA140. These results suggested that the effects of each of these mutations on mutacin production were mediated by directly or indirectly modulating mutA transcription.
Effect of selected mutations on the expression of irvA
In a recent study of luxS-mediated mutacin I gene regulation, a putative transcriptional regulator, irvA, was identified and shown to be a possible mediator of mutacin transcription in the luxS regulatory pathway . Therefore, we were interested in determining whether irvA was specific for the luxS pathway or was also involved in the other mutacin I regulatory pathways assayed in Fig. 1 . Real-time RT-PCR was used to compare the irvA transcript level between the wild type and mutants. As shown in Fig. 2 , irvA transcription was strongly induced in the vicK and pttB mutants (4 100-fold), moderately induced in the hk03 mutant (4 10-fold), and mostly unaffected in the adhE, hrcA, Smu1281, and ciaH mutants (o 2-fold). These results suggested that mutacin I-negative mutants could be categorized into two different mutacin I regulatory pathways: irvA-dependent and irvA-independent (Fig. 3) .
Discussion
In this study, the effects of seven mutacin I-deficient mutants were investigated by real-time RT-PCR. It was found that all of these genetic loci (vicK, pttB hk03, hrcA, adhE, Smu1281, and ciaH) influenced mutacin I production at the transcriptional level. Furthermore, real-time RT-PCR analysis of the irvA transcript in these mutant backgrounds demonstrated that these genes/loci comprised two groups: those that were associated with irvA induction and those that were independent of irvA.
As mutacin I production is an energy-intensive process, it is reasonable to assume that S. mutans only activates mutacin I expression when the competitive advantage provided by mutacin I justifies the additional energy burden. Hence, it is not surprising that S. mutans has evolved an elaborate regulatory system to control the expression of mutacin tightly. Based on the information described in this study, a preliminary regulatory system can be devised (Fig.  3) . Streptococcus mutans may utilize numerous systems such as TCSs, PTSs, or the interspecies signalling system to survey important environmental changes in order to adjust mutacin I expression accordingly. During stressful situations like extreme nutrient deprivation or pH changes, S. mutans may minimize energy expenditures by exerting a negative feedback on mutacin I production via stress regulatory networks. As many of these external inputs may be convergent or contradictory to each other, genes such as irvA may serve as central processing points where these signals are Fig. 1 . Mutacin transcription in the mutacin I negative mutants. Realtime RT-PCR was used to measure the expression of the mutacin I structural gene, mutA. The abundance of mutA cDNA in each mutant is shown relative to the wild-type strain, UA140, which was arbitrarily assigned a value of 1. Total cDNA abundance between samples was normalized using the 16S rRNA gene. The data are the average of three independent experiments. Fig. 2 . Transcription of irvA in the mutacin I negative mutants. Real-time RT-PCR was used to measure the expression of irvA. The abundance of irvA cDNA in each mutant is shown relative to the wild-type strain, UA140, which was arbitrarily assigned a value of 1. The data are normalized as described previously and represent the average of three independent experiments. Fig. 3 . IrvA-dependent and independent pathways. Mutacin I negative mutants can be placed into two groups: those that induce irvA and those that are independent of irvA. Mutations in genes such as luxS, hk03, vicK, and pttB activate the expression of a common regulator, irvA, whereas adhE, hrcA, Smu1281, and ciaH mutants have extremely low levels of irvA expression similar to the wild type. IrvA-independent mutacin I negative mutations affect mutacin I transcription through unknown regulatory pathway(s).
summated to determine whether certain virulence factors such as mutacin I should be produced. For example, signals resulting in irvA induction are associated with a repression of mutA and a corresponding reduction in mutacin I production. The pivotal role of IrvA-like proteins is also apparent in other organisms as well (Ptashne et al., 1980; Lewis et al., 1998) . Moreover, studies of crosstalk between different signal transduction systems support the notion of multiple signal inputs converging to key components for information processing (Bijlsma & Groisman, 2003; Hellingwerf, 2005) . However, the molecular mechanisms of the S. mutans' intricate decision-making process require further experimentation.
It is also worth noting that the mutations in vicK, pttB, hk03, hrcA, and Smu1281 may affect the expression of other genes through polar effects within their respective operons (Tsang et al., 2005) . Individual gene deletions of each affected operon are currently under construction to determine specifically which gene(s) in each of these operons confers the observed phenotype. Nonetheless, the data presented in this report suggest that multiple input signals modulate the transcription of the mutacin operon and these signals can be grouped into either irvA-dependent or irvAindependent pathways.
